McEwen ST, Balus SF, Durand MJ, Lombard JH. Angiotensin II maintains cerebral vascular relaxation via EGF receptor transactivation and ERK1/2. Am J Physiol Heart Circ Physiol 297: H1296-H1303, 2009. First published August 14, 2009 doi:10.1152/ajpheart.01325.2008.-This study identified, on the integrative level, two components of the ANG II signaling pathway that lay downstream from the ANG II type 1 (AT1) receptor and are critically involved in maintaining vascular relaxation in cerebral resistance arteries. In these experiments, the relaxation of isolated middle cerebral arteries (MCA) in response to ACh (10 Ϫ9 -10 Ϫ5 M), iloprost (10 Ϫ16 -10 Ϫ11 g/ml), and reduced PO2 was lost and the ratio of phospho-ERK/ERK1/2 was significantly reduced in aortas of male Sprague-Dawley rats fed a high-salt (HS; 4% NaCl) diet to suppress plasma ANG II levels. In salt-fed rats, relaxation of MCA in response to these vasodilator stimuli was restored by chronic (3 days) intravenous infusion of either ANG II (5 ng ⅐ kg Ϫ1 ⅐ min Ϫ1 ) or epidermal growth factor (EGF; 2 g/h). The protective effect of ANG II infusion to restore vascular relaxation was eliminated by coinfusion of either the EGF receptor kinase inhibitor AG-1478 (20 g/h), the ERK1/2 inhibitor PD-98059 (10 g/h), or the protein synthesis inhibitor cycloheximide (5 g/h). In rats fed a low-salt (0.4% NaCl) diet, MCA relaxation in response to ACh, reduced PO2, and iloprost was eliminated by intravenous infusion of AG-1478, PD-98059, or cycloheximide. In ANG II-infused rats fed HS diet, and in rats fed LS diet, vasodilator responses to reduced PO2 and iloprost were unaffected by the p38 MAP kinase inhibitor SB-203580 and the phosphatidylinositol 3-kinase inhibitor wortmannin. These findings indicate that maintenance of normal vascular relaxation mechanisms by ANG II in rat MCA requires activation of the EGF receptor kinase and ERK1/2. hypertension; salt; cell signaling; oxidative stress; renin-angiotensin system; epidermal growth factor; extracellular signal-regulated kinase ELEVATED DIETARY SALT INTAKE adversely affects vascular structure and function in several circulatory beds (4; 17; 21-23; 29; 37; 38). Vascular relaxation in response to several endotheliumdependent and -independent vasodilator stimuli is eliminated or dramatically attenuated in middle cerebral arteries (MCA) (23) and other vascular beds (21; 22; 37; 38) of rats fed a high-salt (HS) diet. This loss of vascular relaxation is due to salt-induced suppression of ANG II, because vasodilator responses can be completely restored when the salt-fed rats receive a chronic intravenous infusion of a low (subpressor) dose of ANG II for 3 days to restore plasma ANG II levels to the normal physiological range (37; 38; 42).
ELEVATED DIETARY SALT INTAKE adversely affects vascular structure and function in several circulatory beds (4; 17; 21-23; 29; 37; 38) . Vascular relaxation in response to several endotheliumdependent and -independent vasodilator stimuli is eliminated or dramatically attenuated in middle cerebral arteries (MCA) (23) and other vascular beds (21; 22; 37; 38) of rats fed a high-salt (HS) diet. This loss of vascular relaxation is due to salt-induced suppression of ANG II, because vasodilator responses can be completely restored when the salt-fed rats receive a chronic intravenous infusion of a low (subpressor) dose of ANG II for 3 days to restore plasma ANG II levels to the normal physiological range (37; 38; 42) .
The beneficial effect of physiological levels of ANG II to restore vascular relaxation in rats fed HS diet is mediated via the ANG II type 1 (AT 1 ) receptor subtype, since it can be blocked by losartan (38) . In addition, chronic AT 1 receptor blockade with losartan attenuates vasodilator responses in MCA (31) and skeletal muscle resistance arteries (30) of animals maintained on a normal salt diet. These findings indicate that tonic activation of angiotensin AT 1 receptors is necessary to maintain vascular relaxation under normal physiological conditions and to restore vascular function that is lost during elevated dietary salt intake.
AT 1 receptor activation requires transactivation of the epidermal growth factor (EGF) receptor to stimulate protein synthesis (8; 35) . In many systems, the ERK1/2 pathway (41) plays an important role in protein synthesis following EGF receptor transactivation. This pathway could be a mediator of the ANG II-dependent maintenance and restoration of vascular function, since recent findings indicate that HS diet reduces the expression of at least one key antioxidant enzyme (Cu/Zn SOD) in a manner that can be reversed by low-dose ANG II infusion (24) .
The downstream signaling components necessary for ANG II to maintain vascular relaxation via AT 1 receptor activation have yet to be determined. Moreover, although many studies have investigated AT 1 receptor signaling in vitro, there are no in vivo studies investigating the role of specific signaling pathways in mediating the action of ANG II to maintain normal vascular relaxation. The goal of the present study was to evaluate, on the integrative level, the possible role of the ERK1/2 pathway versus other signal transduction pathways [phosphatidylinositol 3-kinase (PI3K) and p38 MAP kinase] as a potential downstream mediator responsible for the restoration of vascular relaxation by low-dose ANG II infusion in Sprague-Dawley rats fed HS diet. The study tested two hypotheses. The first was that transactivation of the EGF receptor plays a crucial role in the protective effect of ANG II to restore vascular relaxation in normotensive rats fed HS diet. The second was that the ERK1/2 protein kinase pathway acts downstream from the EGF receptor to mediate the restoration of vascular relaxation in cerebral resistance arteries of salt-fed rats receiving low-dose ANG II infusion and to maintain vascular responses to vasodilator stimuli in rats maintained on low-salt (LS) diet.
MATERIALS AND METHODS
Experimental animals. Age-matched (8 -10 weeks old) male Sprague-Dawley rats (Harlan Teklad, Madison, WI) were used for all studies (Table 1) , and all experiments were approved by the Medical College of Wisconsin Institutional Animal Care and Use Committee. Rats receiving an intravenous infusion of peptides (ANG II, EGF), dimethylsulfoxide (DMSO) vehicle, or pharmacological inhibitors (AG-1478, PD-98059, wortmannin, SB-203580, or cycloheximide) were anesthetized with an injection of a 70:30 mixture of ketamine: acepromazine (1 mg/kg im). A catheter (microrenathane PE10; Braintree Scientific, Braintree, MA) was inserted into a femoral vein under aseptic conditions, tunneled subcutaneously to the midscapular region, externalized, and attached to a swivel to allow free movement of the conscious animal during drug infusion. An infusion of sterile isotonic saline (0.5 ml/h) was begun after surgery to maintain catheter patency, and the animals were fed a LS diet and allowed a 3-day recovery period. Following this recovery period, one of the diet and infusion protocols described below was begun.
Western blotting experiments. To evaluate ERK1/2 phosphorylation, aortas and cerebral resistance arteries from the ventral surface of the brain were removed and the relative phosphorylation of ERK1/2 was determined by immunoblot analysis. In those studies, the vessels were removed at the time the MCA was isolated for the diameter measurements (see below) and quickly frozen in liquid nitrogen. The aortas were homogenized on ice using a tissue protein extraction reagent (Pierce, Rockford, IL). The protein concentration was determined using a Bradford protein assay, and 10 g of each sample was loaded onto a 10% SDS-polyacrylamide gel and separated by electrophoresis. The samples were then transferred to a nitrocellulose membrane (0.45 m) and blocked overnight with 10% nonfat dried milk. The next morning, membranes were incubated with a polyclonal antibody against ERK1/2 or phospho-ERK1/2 (Thr202/Tyr204) for 2 h. The membranes were then washed and incubated with a horse radish peroxidase-conjugated goat anti-rabbit antibody for 2 h. After incubation with the secondary antibody, the membranes were washed and protein bands were visualized using chemiluminescence (Super Signal; Pierce) and quantified using scanning densitometry (UNSCAN-IT software; Silk Scientific, Orem, UT). All antibodies were purchased from Cell Signaling Technologies (Danvers, MA).
Evaluation of signaling pathways. To identify the AT 1 receptor signaling pathway(s) necessary for ANG II to restore vascular relaxation in animals fed HS diet, rats were fed a HS diet (4% NaCl) diet for 3 days and assigned to one of the following intravenous infusion groups for 3-5 additional days before acute in vitro experiments: 1) control animals receiving either no infusion or an intravenous infusion of either 2) ANG II (5 ng ⅐ kg Ϫ1 ⅐ min Ϫ1 ), 3) EGF (2 g/h) in DMSO vehicle (20 l/h), 4) ANG II ϩ the EGF receptor kinase inhibitor AG-1478 (20 g/h), 5) EGF ϩ AG-1478, 6) ANG II ϩ the MEK inhibitor PD-98059 (10 g/h), 7) ANG II ϩ the PI3K inhibitor wortmannin (2 g/h, 8) ANG II ϩ the p38 MAPK inhibitor SB-203580 (10 g/h), 9) ANG II ϩ the eukaryotic ribosome inhibitor cycloheximide (CHX-5; g/h) to block de novo protein synthesis, and 10) DMSO vehicle alone (20 l/h). For experiments to characterize the effect of inhibiting the AT1 receptor signaling pathway in animals fed a LS diet, rats maintained on LS diet (0.4% NaCl) were assigned to one of the following intravenous infusion groups for 4 -5 days before acute in vitro experiments: 1) control animals receiving no infusion, 2) AG-1478 infusion, 3) PD-98059 infusion, 4) wortmannin infusion, 5) SB-203580 infusion, or 6) cycloheximide infusion.
Cannulated MCA preparation. On the day of the experiment, animals were anesthetized with pentobarbital sodium (60 mg/kg ip), mean arterial pressures were determined via carotid artery catheterization, and the brain was removed and immersed in physiological salt solution (PSS) having the following ionic composition (in mM): 119.0 NaCl, 4.7 KCl, 1.6 CaCl2, 1.18 NaH2PO4, 1.17 MgSO4, 24.0 NaHCO3, 5.5 D-glucose, and 0.03 EDTA. The MCA was carefully excised under a dissecting microscope (Leica, Buffalo, NY), cannulated at the proximal and distal ends using glass micropipettes (80 -120 m; FHC, Brunswick, ME), and extended to its approximate in situ length. Side branches were ligated to prevent leaks and to allow the vessel to be pressurized. The vessel was continuously perfused and superfused with PSS (37°C) equilibrated with a 21% O2-5% CO2-74% N2 gas mixture, and the intraluminal pressure was maintained at 80 mmHg to approximate in vivo conditions. The internal diameter was measured using television microscopy and a video micrometer (model IV-550; FOR-A Company, Tokyo, Japan). Vessels lacking intrinsic resting tone were excluded from analysis.
Response to reduced PO2. After the cannulated vessel was allowed a minimum 1-h equilibration period at 21% O2, the response to reduced PO 2 was assessed by simultaneous equilibration of the perfusion and superfusion solutions with a 0% O2-5% CO2-95% N2 gas mixture for 10 min. Under these conditions, the PO2 of PSS equilibrated with 21% O 2 is ϳ140 mmHg, and this value decreases to 35-45 mmHg during equilibration with 0% O2 (11) .
Responses to vasodilator stimuli and Ca 2ϩ -free solution:. Vascular diameter changes in response to the endothelium-dependent vasodilator agonist ACh (10 Ϫ9 M-10 Ϫ 5 M) and the stable prostacyclin analog iloprost (10 Ϫ16 g/ml-10 Ϫ11 g/ml) were also assessed in MCA from each group of rats. At the end of the experiment, resting tone and maximum diameter of the artery (Table 1) Statistical methods. Data are presented as mean values Ϯ SE. For all concentration-response curves, differences between groups at each concentration were determined using a two-way, repeated-measures ANOVA, and differences in other variables were evaluated using one-way ANOVA. Differences between individual means following ANOVA were evaluated using a post hoc Student-Newman-Keuls test. A P value of Ͻ0.05 was considered to be statistically significant.
RESULTS

Arterial pressures, vessel diameter, and resting tone.
Mean arterial pressures, resting diameters, and maximum diameters of MCA in the various groups are summarized in Table 1 . There were no differences in maximum vessel diameter or in active resting tone between any of the groups.
Role of the EGF receptor in ANG II-mediated restoration of cerebrovascular relaxation. Figure 1 compares MCA responses with ACh (Fig. 1A) , reduced PO 2 (Fig. 1B) , and the stable prostacyclin analog iloprost (Fig. 1C ) in animals that were fed a HS diet and received either no infusion (HS; control group) or an infusion of either ANG II or EGF (Ϯthe EGF receptor kinase inhibitor AG-1478) for 3 days. As previously reported (23) , HS diet eliminated the dilation of MCA in response to ACh, reduced PO 2 , and iloprost. Infusion of either ANG II or EGF restored vascular relaxation in response to all three vasodilator stimuli in MCA from salt-fed rats, and the protective effects of both ANG II and EGF infusion to restore vascular relaxation were eliminated by coinfusion of AG-1478 to inhibit the EGF receptor kinase. Figure 2 compares MCA responses with ACh ( Fig. 2A) , reduced PO 2 (Fig. 2B) , and iloprost (Fig. 2C ) in animals fed a HS diet and receiving either 1) no infusion, 2) infusion of the DMSO vehicle alone, 3) ANG II infusion alone (ANG II) or simultaneous infusion of 4) ANG II plus the MEK inhibitor PD-98059 (ANG II ϩ PD), 5) ANG II ϩ the PI3K inhibitor wortmannin, 6) ANG II ϩ the p38 MAP kinase inhibitor SB-203580, or 7) ANG II ϩ the eukaryotic protein synthesis inhibitor cycloheximide (CHX). As previously reported (23; 37; 38), low-dose ANG II infusion restored vascular relaxation in response to all three vasodilator stimuli in salt-fed rats. This protective effect of ANG II infusion to restore vascular relaxation was prevented when the animals received a simultaneous coinfusion of PD-98059 to inhibit the ERK1/2 signaling pathway or cycloheximide to inhibit protein synthesis. Wortmannin inhibited ACh-induced dilation in ANG II-infused animals but had no effect on ANG II-induced restoration of vasodilator responses to reduced PO 2 or iloprost in salt-fed rats. Vascular relaxation in response to all three vasodilator stimuli was still present in rats receiving a coinfusion of ANG II ϩ SB-203580, whereas infusion of the DMSO vehicle alone failed to restore vascular relaxation in response to any of the dilator stimuli in rats fed HS diet.
Role of ERK1/2 in ANG II-mediated restoration of vascular relaxation.
Consistent with the hypothesis that reduced activation of the ERK1/2 pathway plays a role in the loss of vasodilator responses in the salt-fed rats, pERK-to-ERK ratios in aortas from rats fed HS diet were significantly lower than those in aortas from rats maintained on LS diet; ANG II infusion tended to increase pERK-to-ERK ratios (by ϳ27%) in rats fed HS diet compared with salt-fed animals not receiving ANG II (Fig. 3) . Basal expression of ERK1/2 (mean pixels ϫ 10 3 Ϯ SE) was not significantly different in aortas from the various groups: 128.9 Ϯ 47.0 in LS (n ϭ 11) vs. 151.1 Ϯ 55.0 in HS (n ϭ 11) and 155.3 Ϯ 27.5 in HS-saline infused (n ϭ 8) vs. 147.9 Ϯ 24.0 in HS-ANG II infused (n ϭ 8).
Role of the EGF receptor and the ERK1/2 pathway in maintaining vascular relaxation in rats fed LS diet. To determine the role of the EGF receptor and the ERK1/2 pathway in maintaining MCA relaxation in the absence of elevated dietary salt intake, we determined the effect of intravenous infusion of the same inhibitors on the responses to ACh, reduced PO 2 , and iloprost in isolated MCA from rats fed LS diet (Fig. 4) . In those experiments, relaxation of the MCA in response to ACh (Fig.  4A) , hypoxia (Fig. 4B) , and iloprost (Fig. 4C) was eliminated or dramatically reduced in rats receiving an intravenous infusion of AG-1478, PD-98059, or cycloheximide. Vasodilator responses to ACh, but not to reduced PO 2 or iloprost, were also reduced by wortmannin. Responses to ACh, reduced PO 2 , and iloprost were unaffected by SB-203580 in MCA of rats fed LS diet.
When compared with that in untreated control animals, ERK1/2 phosphorylation in the aorta and in cerebral arteries was reduced by ϳ30 -40% in the LS ϩ AG group and by ϳ60 -70% in the LS ϩ PD group (Figs. 5 and 6 ). In contrast with the effects of AG and PD, ERK1/2 phosphorylation was unaffected by chronic infusion of wortmannin, SB-203580, or cycloheximide for 3 days (Fig. 5) 
DISCUSSION
It is well known in humans and in multiple animal models that elevated levels of ANG II are detrimental to vascular function, due in large part to the effect of ANG II to increase superoxide production (16; 18; 28; 34) . Therefore, clinical treatments and the vast majority of animal studies are largely based on the notion that a reduction in ANG II is universally favorable to vascular reactivity. Although this is clearly true with supranormal levels of ANG II, this dogma apparently does not apply in the setting of physiological reductions of ANG II with HS diet, where there is a growing body of evidence indicating that physiological suppression of the reninangiotensin system by elevated dietary salt intake adversely affects vascular relaxation mechanisms (23; 24; 37; 38; 42). This study is the first to examine changes in intracellular signaling with salt-induced ANG II suppression in an attempt to elucidate the mechanisms by which low ANG II levels affect vascular function. Another important question addressed in the present study is whether the protective effect of ANG II to restore vascular relaxation that is lost during salt-induced ANG II suppression is similar to or distinct from the role of ANG II to maintain vascular relaxation mechanisms when circulating ANG II levels are in the normal physiological range.
Based upon the effects of the inhibitors that we employed in rats fed LS diet and in rats fed HS diet with ANG II infusion (see below), the results of this study indicate that the actions of ANG II to maintain normal responses to vasodilator stimuli under physiological conditions and to rescue vascular relaxation in salt-fed rats utilize identical mechanisms and represent the same protective process. We also found that none of the experimental perturbations had any significant effect on active resting tone in the MCA ( Table 1 ), demonstrating that the protective effect of ANG II infusion (and EGF infusion) to restore vasodilator responses in salt-fed rats is mediated via effects on vascular relaxation mechanisms themselves, and not via effects on active resting tone, e.g., generation of active tone where it was previously absent or increasing the reserve capacity for vasodilation. As noted above and also shown in the present experiments ( Figs. 1 and 2) , restoring normal levels of circulating ANG II rescues vasodilator responses that are lost during elevated dietary salt intake (23; 37; 38) . Responses to different dilator stimuli are also reduced in MCA (31) and skeletal muscle resistance arteries (30) of rats receiving losartan to block ANG II AT 1 receptors and in skeletal muscle arterioles of captopriltreated rats (13; 14) .
In the present study, we report the novel finding that the restoration of cerebral vascular relaxation in response to ACh, reduced PO 2 , and the prostacyclin analog iloprost by low-dose ANG II infusion in salt-fed rats requires transactivation of the EGF receptor tyrosine kinase by the AT 1 receptor. This conclusion is based on two key observations. First, the effect of ANG II to restore vasodilator responses in salt-fed rats is mimicked by EGF infusion. Finally, the protective effect of both ANG II infusion and EGF infusion to restore vascular relaxation can be blocked by coinfusion of AG-1478 to block phosphorylation of the EGF receptor.
The present study also indicates that the protective effect of ANG II infusion to restore vascular relaxation in salt-fed animals requires activation of the ERK1/2 pathway, and protein synthesis as ANG II-induced restoration of vascular relaxation is prevented by blocking this pathway with PD-98059 and cycloheximide. The results of this study also suggest that the same signaling components are required to maintain vascular function under physiological (LS) conditions, because both AG-1478 and PD-98059 inhibit vasodilator responses in rats maintained on LS diet (Fig. 4) . Taken together, these new findings provide further support for the hypothesis that physiological levels of ANG II play an important role in maintaining normal vascular relaxation mechanisms. Fig. 4 . Responses of MCA to ACh (A), reduced PO2 (B), and iloprost (C) in rats fed a LS diet alone (n ϭ 9) or LS diet with an intravenous infusion of either the EGF receptor kinase inhibitor AG-1478 (AG; n ϭ 6), the MEK inhibitor PD-98059 (PD; n ϭ 7); the PI3K inhibitor wortmannin (Wort; n ϭ 6), the P38 MAPK inhibitor SB-203580 (SB; n ϭ 6), or the eukaryotic protein synthesis inhibitor cycloheximide (CHX; n ϭ 6). Data are summarized as mean changes from control diameter (in m) Ϯ SE. *P Ͻ 0.05: LS ϩ AG, LS ϩ PD, and LS ϩ CHX vs. LS alone; †P Ͻ 0.05: ACh response in LS ϩ Wort vs. LS alone. Fig. 3 . pERK-to-ERK1/2 ratios in aortas of rats fed low-salt (LS; n ϭ 11) or HS (n ϭ 11) diet (A) or HS diet Ϯ low dose ANG II infusion (n ϭ 8/group; B). Data are summarized as means Ϯ SE. *P Ͻ 0.05 vs. low salt.
In these experiments, we employed three vasodilator stimuli (ACh, reduced PO 2 , and iloprost) that have been shown to be eliminated by HS diet and restored with ANG II infusion (23; 37; 38) . Two of these stimuli require functional endothelial cells: the nitric oxide (NO)-dependent agonist ACh and the cyclooxygenase-dependent stimulus of reduced PO 2 (12) . Iloprost, on the other hand, acts directly on prostanoid receptors on the vascular smooth muscle (VSM) cell membrane. In this regard, it is interesting that ANG II not only maintains or restores reactivity to each of these vasodilator stimuli, but also that this effect requires activation of similar signal transduction components, namely the EGF receptor and ERK1/2. These observations suggest that ANG II plays a common permissive role to maintain mechanisms of vascular relaxation in both endothelial and VSM cells.
The role of the EGF receptor and ERK1/2 pathway in regulating different components of vascular function has been extensively studied in cultured cells (especially endothelial cells). However, there are far fewer studies of the role of these pathways in regulating the function of intact blood vessels, especially in regard to the regulation of active tone in the vessel. Earlier studies investigating the acute effects of EGF on rat aorta identified it as a potent vasoconstrictor in experimental hypertension (9; 10). Aramoto et al. (1) reported that although ERK1/2 activation plays a crucial role in mediating the increase in microvascular permeability that occurs in response to VEGF in the hamster cheek pouch, it does not contribute to the NO-mediated arteriolar dilation in response to VEGF in this tissue. Other studies suggest that activation of the EGF receptor and the ERK1/2 pathway play a crucial role in cell proliferation and angiogenesis (tube formation) in response to cytochrome P-450 epoxygenase products in cultured human endothelial cells (26) . Of particular interest to the present study is the report by Watts et al. (36) that stimulation of ERK phosphorylation by AT 1 receptor activation is not important for ANG II-induced contraction of rat aorta. However, to our knowledge, the present study is the first to investigate the long-term role of the EGF receptor and ERK1/2 in regulating vascular relaxation mechanisms in intact blood vessels.
One observation that stands out in contrast with the idea of ERK1/2 as a common permissive signaling pathway for vasodilation in endothelial and VSM cells is the effect of the PI3K inhibitor wortmannin to attenuate ACh-induced vasodilation in animals maintained on LS diet and in animals fed HS diet and receiving ANG II infusion. However, PI3K directly controls the activation of the endothelial NO synthase (eNOS) enzyme through Akt-mediated phosphorylation (15) , and acute exposure to wortmannin abrogates ACh-induced cerebral vasodilation (20; 40). These observations indicate that wortmannin directly attenuates the ACh response by reducing eNOS activation, rather than chronic blockade of an obligatory signaling pathway.
Although further experiments are necessary to clarify the mechanisms by which the EGF receptor and ERK1/2 maintain vascular relaxation in these vessels, it is clear that inhibiting EGF receptor phosphorylation or the ERK1/2 pathway eliminates vasodilator responses to ACh, reduced PO 2 , and iloprost in MCA of rats fed LS diet and blocks the protective effect of ANG II infusion to restore vascular relaxation in response to all these vasodilator stimuli in rats fed HS diet. This response is identical to that seen in ANG II-infused rats in which the AT 1 receptors are blocked by coinfusion of losartan (38) . As such, these observations argue in favor of the EGF receptor and the ERK1/2 pathway as crucial mediators of ANG II-mediated restoration of vasodilator responses in rats fed a HS diet and for the maintenance of vascular relaxation mechanisms in rats fed a LS diet.
The EGF receptor and ERK1/2 pathway have been implicated as mediators of ANG II-induced protein synthesis following AT 1 receptor activation (8; 35; 41) . The ability of chronic intravenous infusion of ANG II to restore vascular relaxation in vessels from salt-fed animals is not mimicked by acute addition of ANG II to the tissue bath (38) , suggesting that this protective effect of ANG II infusion involves protein synthesis in some way. Although there is some evidence that the protective effect of low-dose ANG II infusion in salt-fed animals is mediated, at least in part, by maintenance of antioxidant defense mechanisms in the vessels (24, 43) , elevated dietary salt intake and low-dose ANG II infusion in the background of HS diet could affect the expression of multiple genes and signal transduction pathways. The latter possibility emphasizes the importance of investigating the effect of HS diet and ANG II suppression on all potential signaling pathways in the vasculature.
Perspectives
Elevated salt intake is a critical risk factor not only for hypertension (7; 19; 39) but also for cerebrovascular complications such as stroke, myocardial infarction, coronary artery bypass grafts, percutaneous transluminal coronary angioplasty, and cardiovascular death (5; 6; 19; 27; 33). Recent reviews (2; 3; 25) have noted that defensive authoritarianism (25) in support of entrenched positions (3) in the debate about dietary salt and blood pressure has detracted from the wider and more important question of whether HS diet has adverse consequences on vascular function independent of its effects on blood pressure. The possibility of adverse effects of dietary salt intake in the absence of hypertension is further emphasized by clinical studies showing that salt-sensitive normotensive individuals not only have a greater risk of developing hypertension than salt-resistant subjects but also have a higher mortality rate than salt-resistant subjects, even if they do not develop hypertension (39).
As noted above, the results of this study suggest that EGF receptor activation and the ERK1/2 pathway are required for the restoration of vascular relaxation by low-dose ANG II infusion in salt-fed animals and for the maintenance of vascular relaxation in animals fed LS diet. These findings support the idea that tonic activation of this pathway plays a critical role to maintain cerebrovascular relaxation under normal physiological conditions. Of particular interest regarding the physiological versus the pathophysiological aspects of ANG II signaling is a recent report by Reed and coworkers (32) showing that AT 1 receptor blockade with candesartan is detrimental to coronary collateral growth following repeated ischemia in Wistar-Kyoto (WKY) rats, in contrast with its beneficial effect to improve coronary collateral growth in JCR rats, a rodent model of syndrome X. Another important finding in that study was that subpressor ANG II infusion improves blood flow in the collateral-dependent zone in WKY rats, whereas higher doses of ANG II reduce blood flow (32) . Taken together, the results of that study suggest that the overall effect of AT 1 receptor activation, angiotensin receptor blockade, and possibly angiotensin converting enzyme inhibition may differ, depending on the presence or absence of cardiovascular disease. They also emphasize the need to obtain a more complete understanding of the signaling pathways involved in both the physiological and the pathophysiological actions of ANG II.
